Abstract MEMS (micro-electromechanical systems) devices often suffer from stiction induced reliability problems. Although a theoretical framework to describe stiction in MEMS is under development in the scientific community, experimental data are still scarce. We have developed a MEMS device that can be used to electronically measure sidewall surface forces in situ, i.e. on chip. To be able to use it, we have developed a sensitive electronic readout system that detects comb drive capacitance variations with 10 atto-Farad resolution. In addition, we use a model to correct the measured capacitance changes for the ground-planeinduced levitation effect of the comb drive. Our first results for the interaction between oxidized polycrystalline silicon sidewall surfaces show that at a relative humidity (RH) of 45% and a temperature of 27°C the stiction force amounts to 6.7±1.6kPa, which we assume to be mainly caused by capillary condensation. This stiction force was found to be independent of both the normal force with which the surfaces were pressed against each other prior to the stiction measurement and the age of the contact, showing that the contact is fully elastic, and capillary condensation is instantaneous on the time scale of the measurement (milliseconds to seconds). We also use the device to measure complete force-distance curves, so that these results can be compared with AFM (atomic force microscope) measurements.
Introduction
Micromachines have a much larger surface-to-volume ratio than macroscopic systems and hence are extremely sensitive to surface forces [1] [2] [3] . Problems with stiction (the unintentional sticking of microscopic surfaces) make that many MEMS (micro-electromechanical systems) designs cannot be realized or have a lifetime that is too short to be of interest for commercial applications. Although the detrimental effects caused by surface forces are a real showstopper for MEMS technology, relatively little research is devoted to these effects on the scale of MEMS. Compared to AFM (atomic force microscope) and SFA (surface force apparatus) measurements, MEMS have the added complication of a significant surface roughness on the scale of interest. This roughness gives rise to multi-asperity contacts and a relatively large contribution to the adhesive force coming from regions outside the area of direct contact, with mixed plastic/elastic contact mechanics to complicate matters even further [4] [5] . Although work has been initiated to describe stiction on the scale of MEMS theoretically [5] [6] [7] [8] , there are only very limited quantitative data from actual devices. Mastrangelo et al. [9] were the first to measure stiction forces between structural layers (bottom of one MEMS device layer to top of the layer below) in MEMS with bent cantilever beams. De Boer et al. [10, 11] measured the surface interaction energy between structural layers with bent cantilever beams as a function of humidity, and Ashurst et al. [12] have used the same principle to also monitor friction on sidewall surfaces. Mastrangelo et al. [9] and de Boer et al. [10] distinguish between bent cantilever beams which touch the surface with either the very end (arc-shaped), or a significant part of their length (s-shaped). The length over which they are not adhering, due to the spring force of the beam, is used as a measure for the surface forces. Others have used the same method as well [13] [14] [15] . A disadvantage of this method is that it is not very accurate. The length over which the beams do not adhere is difficult to measure with high precision and it shows up to the fourth power in the denominator of the expression for the surface interaction energy, hence giving rise to substantial errors. Also, the arc-shaped and the s-shaped beams give consistently different results, the arc shaped beams yielding higher values for the surface interaction energy. Timpe et al. [16] performed sidewall surface measurements with a dedicated MEMS device to circumvent this disadvantage. They developed a MEMS device with two comb drives, which move towards each other and touch in a central contact area upon actuation. A higher voltage can be applied to exert an additional normal force on the contact. A second set of comb drives is used to pull the surfaces apart again. The application of a voltage to the second set of comb drives results in an instability when the pull-off force equals the applied force plus the stiction force. The voltage required for the sudden separation of the comb drive devices (monitored optically) is a measure for the surface forces. A disadvantage of this approach is that in this way no force-distance curves can be obtained.
Device
To study stiction on the MEMS scale, we have developed a MEMS device that can itself be used to act as a stiction sensor, which we have called the "nano-battering ram" [17] . It is manufactured in the 3-layer polysilicon MUMPS process by MEMSCAP 1 . When combined with highly sensitive readout electronics, the nano-battering ram enables us to measure normal forces (stiction) in situ with high accuracy. We can record force-distance curves on the sidewalls of a real MEMS device, with real MEMS surfaces, which gives us a unique opportunity to study the effect of different surfaces and environmental conditions on MEMS stiction. We have also developed a similar two-dimensional device that can be used to obtain friction loops on contacting sidewalls, from which the dissipated energy due to friction can be calculated. This "MEMS tribometer" will be discussed in a later paper. An electronic readout principle has been employed because, although optical techniques are widely available for out-of-plane measurements and can achieve resolutions in the sub-nm range, the use of these techniques is much more restricted for in-plane measurements. Moiré patterns and curve fitting algorithms can be used, but are not very flexible in their application, especially not in the two-dimensional case of the future tribometer device. In addition, electronic readout enables us to use the ram with electronic feed-throughs in high-humidity, high temperature or vacuum environments. Although not impossible it is difficult and expensive to use optical techniques in these systems. The nano-battering ram is shown schematically in Fig. 1 , and a SEM (scanning electron microscope) image of an actuated ram is given in Fig. 2 . It consists of an actuation and a measurement comb drive and a head that can be translated over a distance if 2.0 µm before it touches a counter-surface. When the voltage is increased the device moves forward until the head touches the counter-surface and then the movement stops. When the voltage is reduced again after contact has been established, the head remains stuck until the restoring spring forces are large enough to pull the head from the counter-surface. By monitoring the capacitance change of the measurement combs, one can easily distinguish the pull-off event.
The actuation voltage at which pull-off occurs is a measure for the sidewall surface forces. 
Electronic measurement procedure
To be able to measure the small capacitance changes of the measurement comb drive for determining the position of the ram during the measurement, we have developed a dedicated electronic readout circuit, details of which can be found in Fig. 3 and in a separate paper [18] . Our current setup has a resolution of around 10 aF (10 -17 Farad) in the presence of more than 100 pF of parasitic on-chip and cable capacitance. We generate capacitance versus actuation voltage curves by monitoring the capacitance change of the detection comb fingers while applying a voltage ramp to the actuation comb. These ramps are chose such that the ram performs linear motion as a function of time (details in paragraph 5). By averaging over 10,000 of such measurements, we obtain low-noise force-distance curves with an rms position noise of 3nm corresponding to a ±6nN inaccuracy in the measured force (5% limit). . Amplitude modulation of a 10.7MHz sine wave due to the motion of the fingers changing the 16fF capacitances is being used for determining the ram position. Because the parasitic capacitances of the probe station cables can introduce large errors, a special resonant circuit (L1, C12 and P1) is used to compensate for the cable capacitance. For more details, see [18] .
Comb drive levitation
An effect to be reckoned with is comb drive levitation. Due to the fact that there is a ground plane under the comb drive, the pattern of electrostatic field lines is not symmetric (Fig. 4) , which causes the device to move upwards as well as sideways. This starts already at low voltages [19] . At higher actuation voltages the levitation reaches a plateau, where the electric field is the strongest. The comb drive levitation effect causes the ram to touch the counter-surface with only part of the head area. In the SEM, it is clearly observable that the head touches over only three quarters of its area (Fig. 5) , so that surface forces measured as a function of contact area should be corrected for this effect. 
Measured capacitance change and correction for levitation
Another effect of the comb drive levitation is that the capacitance change as a function of actuation voltage is not a true parabola, as should be expected for an ideal comb drive [20] . Instead, the capacitance contains an additional term due to the levitation (Fig. 6) . In ref. [20] we have presented a model that describes this levitation and its effect on the capacitance change of an actuated comb drive. Using this model we have been able to extract the lateral position as a function of actuation voltage from the measured capacitance change (Fig. 7) . 
Calibration
The vertical scale of Fig. 7 can be expressed in µm, because we know from the design geometry that the head travels 2.0 µm before it reaches the counter-surface. From Fig. 7 , the stiction force can also be calculated. We see that the motion stops when the head reaches the counter-surface. When we retract the ram, it remains stuck until, at a lower voltage, it is pulled off. From the dimensions and the materials in our MEMS device we calculate the lateral spring constant of the comb drive to be k = 1.0 N/m. The calculated and measured voltage required to close the gap differ by approximately 20%, so we assume the error in k to be of the same order. The average distance ∆x = 200±6nm the ram relaxes immediately following the pull-off event (Fig. 7) is thus equivalent to a maximum pulling force F N = k ∆x = 200±46nN for this ram at 45% RH (relative humidity) and 27°C. Based on earlier work on this topic [5, 10] we expect at this RH value that capillary condensation is the main contributor to the stiction force. With a 40 µm 2 total head sidewall area, and a reduction factor of 0.75±0.05 for the area due to the levitation, we obtain 6.7±1.6kPa. This differs by a factor 8 (our result being higher) compared to the results with the device of Timpe et al. [16] , who also used the MUMPS process for the fabrication of their devices.
Force-distance curves
For comparison with contact AFM methods to determine the adhesion force, we have to plot the data as a force-distance curve. This can be done because both the applied force and the spring force are known, by using the actuation voltage and the displacement (distance) respectively. It is the difference between these two forces that is exerted as the normal force (load) on the contact.
Two types of force-distance curves can be plotted. The first, and more natural one in this case, is to plot the normal force as a function of the real head position (Fig. 8) . The second is to plot the force as a function of the position were the head would have been if there were no counter-surface. This yields a plot similar to that of an AFM (atomic force microscope) force distance curve (Fig. 9) . The non-zero baseline curvature is probably the result of a small, residual error in the model fit using the method reported in [20] . Figure 9 . Force-distance curve of the mechanical equivalent of Fig. 8 , similar to an AFM (atomic force microscope) force-distance curve. The "support distance" is the location where the head of the ram would have been if there were no counter-surface.
Influence of normal load and contact time
To investigate the effect of applied normal force (load) on the stiction force, we have measured force-distance curves for a number of different maximum actuation voltages, i.e. for different values of the maximum normal force. Calibration of the applied normal load as a function of voltage is straightforward, making use of the actuation voltage -displacement relation of the model of ref. [20] and the calculated mechanical spring coefficient of 1.0 N/m. The results of this measurement are given in Fig. 10 , where the low contact force measurements were performed first. Within the statistical error margins we cannot recognize any trend in the stiction force as a function of the normal load. This means that in our case the contact is fully elastic. When the ram pulls off from the counter-surface, the situation is precisely the same for all measurements, and the contact does not carry a memory of either the highest loading force that it has been subjected to before or the load that was exerted a couple of milliseconds before pull-off. For plastically deformed contacts, we would have expected the stiction force to go up with increasing maximum contact force. The position versus actuation voltage curves such as the one shown in Fig. 7 are obtained by moving the ram at constant velocity. Because the ram moves laterally over a distance proportional to the square of the actuation voltage (Eq. 1; this ignores the comb drive levitation effect), we apply a voltage ramp to the actuation comb in the form of the square root of a triangle wave to obtain a nearly constant velocity (Fig. 11) . To obtain the stiction force as a function of contact time, we have introduced a second waveform, where the motion (and the maximum normal force) have been kept the same for all experiments, but the holding time was varied (Fig. 12 ) Plotted in Fig. 13 is the result of the holding time measurements. The black squares are the measurement of Fig. 10 , which had been measured with the waveform of Fig. 11 , while the other data points were measured with the waveform of Fig. 12 . The latter measurements were taken with a normal load chosen very low, namely 0.1V, corresponding to around 6 nN. Within the statistics of these observations, there is no significant variation of the stiction force with holding time, although a minor, long-time effect (ageing) cannot be ruled out. The result obtained indicates that capillary condensation (the main cause of the stiction force at 45% RH) is instantaneous on the timescale of these measurements. The fact that the stiction force does not change during the experiments of Fig. 10 and 13 is an indication that the contact is repeatable and hence elastic. Therefore, our averaging procedure is justified. However, we cannot be sure that the contacting surfaces have not changed during the first measurement of 10,000 cycles. Work on electronics with a better signal-to-noise ratio is currently in progress. The maximum force in these measurements was as low as 6nN.
Conclusions and future work
We have developed a new MEMS device, called the "nano-battering ram", that can be used to measure stiction forces electronically on-chip. Combined with highly sensitive capacitance measurement electronics to detect the small capacitance changes in the comb fingers and a model that describes the parasitic capacitance change due to comb drive levitation, this new structure enables us to measure force-distance curves and monitor stiction forces with high resolution in a real MEMS device. We have found that at 45% RH and 27°C the stiction force between polysilicon MEMS sidewall surfaces is 6.7±1.6kPa. No significant influence on the stiction force was found of either the (maximum) applied normal force or the contact time, indicating that the contact is fully elastic and that capillary condensation, which we assume to be the dominant stiction mechanism, is instantaneous on the time scale of the measurement (milliseconds to seconds). Future research will be directed towards the investigation of the effects of temperature and relative humidity on the stiction force.
